Erosion of soils in river, lake, and seabeds is an important component for scour estimation and design of underwater structures. This is because the scour can cause severe structural damage to underwater foundations or embankments. The erosion function apparatus (EFA) method is widely used to estimate the erosion rate of soils in the laboratory, where a soil protrusion of 1 mm thick is exposed to water flow and the time taken to erode this protrusion is measured. However, determining this erosion time is a difficult task because it is only visually inspected, and this can cause considerable measurement errors. Therefore, this study explored the feasibility of using an ultrasonic P-wave reflection monitoring method to more quantitatively assess the erosion rate that otherwise has been measured by visual inspection. The erosion rates were monitored using ultrasonic transducers mounted above a soil surface during the EFA testing on the prepared soil samples containing different clay fractions. Via the P-wave monitoring results, several important semi-quantitative observations were made: an increase in erosion resistance with an increase in the clay fraction, a discontinuous erosion behavior of fine-grained soils with sudden removal of soil lumps by water flows, a continuous erosive action of coarse-grained soils, and inherent heterogeneous erosion even at a specimen scale (i.e., the scale of milli-to-centimeter). While both the P-wave monitoring method and the visual inspection showed similar estimation on the erosion rate, the former was found to provide overall better quantitative assessment, particularly in conditions of very slow or rapid erosion and in the conditions with high turbidity water, unevenly eroded sample surfaces, or limited control on the soil protruding thickness.
Introduction
Scour can be defined as the excavation and removal of materials from the bed and banks of streams as a result of the erosive action of flowing water (Hamill 1998) . Scour around underwater foundations can cause severe damage to bridge structures with major operating disruption and financial losses (De Falco and Mele 2002; Melville and Coleman 2000; Briaud et al. 1999 Briaud et al. ,2001 . Several methods are currently available to estimate the erosion resistance of soils, which includes a flume test that measures soil erosion in channels (Arulanandan and Perry 1983) , a jet erosion test that evaluates erosion of soils in spillways for small dams (Hanson and Cook 2004) , and a hole erosion test measuring soil erosion along holes or cracks (Wan and Fell 2004) .
Among several available methods, the erosion function apparatus (EFA) developed by Briaud et al. (1999 Briaud et al. ( ,2001 has recently become popular for estimation of the erosion rate of fine-and coarse-grained soils because of its versatile applicability to various types of soils. A soil column, obtained using a thin-wall tube from a field of interest, is typically tested. The thin-wall tube containing a soil column is placed at the bottom of the rectangular channel, and water flows through the channel at a constant flow velocity by action of a pump. The soil column slides up by pushing the bottom of the column in the tube, protruding by 1 mm towards the water flow. Thereby, this 1-mmthick soil protrusion becomes subject to the erosion caused by the water flow. The time taken to erode this 1-mm-thick soil protrusion (hereafter, the erosion time, t e ) is measured by visual inspection to calculate the erosion rate. Therefore, the erosion rate of the tested soil (ż) can be calculated by dividing the erosion depth of the soil column (z) by the erosion time (t e ), i.e., z ¼ z/t e , where z would be typically 1 mm in the EFA test. Meanwhile, the shear stress (s) is calculated as follows:
where: f ¼ the friction factor that can be obtained from Moody's chart (Moody 1944) , q ¼ the density of water, and v ¼ the mean flow velocity. The erosion rates at a series of flow velocities are measured from the EFA test, and thus, the erosion rate (ż) versus shear stress (s) curve can be plotted, and is referred to as the erosion curve. This erosion curve is unique for each soil and is used to estimate scour depth for geotechnical design practices, including bridge peers, levees, and embankments. Details of the EFA test and scour estimation for geotechnical practices can be found in the literature by Briaud et al. (1999 Briaud et al. ( ,2001 .
However, determining the time taken to completely erode the 1-mm-thick soil protrusion (erosion time, t e ) is a difficult task. This can cause considerable measurement errors during testing because it is conducted by visual inspection through an observation window, which poses an important challenge. Therefore, we explore the feasibility of using an ultrasonic P-wave reflection method to estimate the rate of erosion during the EFA testing. P-wave reflection techniques can detect the interface between two materials with different mechanical impedance. Hence, these have been widely implemented in various engineering practices, such as sonar surveys for the mapping bathymetry of rivers, lakes, or ocean floors, medical diagnosis, and seismic surveys for earth sciences and resource exploration. P-wave at ultrasonic frequency (i.e., several MHz) is expected to readily reflect at the interface between water and the surface of a soil sample because of the impedance mismatch. Consequently, a change in the vertical location of the water-soil interface-in other words, a change in the depth of the soil surface during erosion-is assumed to be identifiable by monitoring the travel times of reflected P-waves. Accordingly, the ultrasonic P-wave reflection monitoring method was implemented in the EFA testing by installing ultrasonic transducers above the soil surface. Four different soil samples were tested for erosion resistance, and at the same time, the erosion rate was monitored using the implemented ultrasonic P-wave reflection monitoring system. The P-wave monitoring results were compared with the visual inspection results, which was a conventional way, and the applicability of the suggested P-wave reflection monitoring method was discussed.
Experimental Program

SETUP FOR ULTRASONIC P-WAVE REFLECTION MONITORING
A transmission mode was chosen for P-wave reflection monitoring, in which a source ultrasonic transducer generates P-waves and a receiver ultrasonic transducer captures the propagated P-waves. Pencil-type miniature ultrasonic transducers (VP-3, CTS Valpey Co.) were used as source and receiver ultrasonic transducers. The central frequency of the ultrasonic transducer was $2.5 MHz, and the piezocrystal diameter and the outer casing diameter were 3 and 5 mm, respectively. A pulser (DPR 300, JSR Ultrasonics) was used to impose a negative impulse of $300 V to the source transducer for P-wave generation. The reflected P-wave signals captured by the receiver transducers were acquired by using a digital oscilloscope (DSO-X-3024A, Agilent). Fig. 1 shows the installation of ultrasonic transducers in the erosion function apparatus (EFA). Three pairs of the ultrasonic transducers were mounted at the top of the water channel and directly above the surface of the soil sample: three sources and three receivers (see Fig. 1 ). The three pairs were aligned with an interval of 25 mm along the direction of the water flow, i.e., channels 1, 2, and 3. The tips of all the transducers were submerged, pointing down to the soil surface. Reflected P-wave signatures from the three pairs were simultaneously acquired every 3-6 s as the soil samples were eroded by water flow.
A PRELIMINARY TEST FOR ESTIMATING SOIL PROTRUSION
A preliminary test was conducted to examine the reliable estimation of soil protrusion using the suggested P-wave reflection monitoring system. A pair of ultrasonic transducers was mounted at a distance of 31 mm from the bottom of the water bath, as shown in Fig. 2(a) . The travel distance of P-waves (i.e., two times the distance from the transducer tip to the bath bottom) was controlled by inserting acrylic blocks with two different thicknesses (1.3 mm and 2.0 mm). Herein, the thickness of the acrylic block was chosen as the actual protrusion of a soil sample. The P-wave arrival became faster as the thicker block was placed and the travel distance was shortened, as shown in Fig. 2(b) . Then, the depth of the water was estimated from the P-wave arrival time, as summarized in Table 1 . The P-wave velocity of the water was assumed to be 1480 m/s at 20 C. The water depth was calculated as 30.63 mm without an acrylic block, 29.30 mm for the 1.3 mm block, and 28.72 mm for the 2.0 mm block, respectively. Hence, the protrusions were estimated as 1.33 mm for 1.3 mm block and 1.91 mm for 2 mm block, respectively. The difference in the protrusion was less than 0.1 mm, and the relative error was less than 5 %. In spite of the limited cases in our preliminary test, the results prove that the designed system can provide fairly reliable determination of the soil protrusion with an acceptable error of less than $5 %.
The temperature of water can vary from 10 to 30 C as the EFA test is generally carried out in the indoor laboratory. Accordingly, the variation of P-wave velocity of water can be as large as $4 %, e.g., V P ¼ 1450 m/s at 10 C to V P ¼ 1510 m/ s at 30 C for de-ionized water (Shipboard Scientific Party 1999). For more accurate estimation, the temperature correction for P-wave velocity of water may be required, possibly using the following well-known relation (Shipboard Scientific Party 1999): 
FIG. 2
(a) The setup for the preliminary test, and (b) the acquired P-waves and the arrival times.
where:
T ¼ the temperature of water ( C), and V 20 and V P ¼ the P-wave velocity of water at 20 C (i.e., 1480 m/s) and at the temperature T, respectively.
SAMPLE PREPARATION AND TEST PROCEDURE
Silica sand and kaolinite were used as representative sandy soils and clayey soils, respectively. Fig. 3 shows the particle size distributions of the silica sand and the kaolinite used in this study. The grain size distribution of the silica sand was measured by sieve analysis, whereas that of kaolinite was determined using a laser diffraction particle size analyzer (LS13 320, Beckman Coulter; ASTM B822-10; ASTM D4464-15). The silica sand showed a grain size range from 0.13 to 0.4 mm, which was fairly uniformly graded with a mean diameter of 0.32 mm, as shown in Fig. 3 . The kaolinite, obtained from Bingtan, Indonesia, presented a mean diameter of 0.22 lm, and the XRD analysis of the kaolinite confirmed the mineral purity of $99 %. The specific surface area of the kaolinite was 26.1 m 2 /g according to the methylene blue adsorption method (Santamarina et al. 2002) . The particle images and basic index properties of the silica sand and kaolinite are summarized in Table 2 .
Four different soil samples were tested to implement and evaluate the proposed ultrasonic P-wave reflection monitoring system. These four samples were prepared by mixing the silica sand and kaolinite with different sand-to-kaolinite mass ratios: 10:0, 9:1, 8:2, and 7:3, referred to here as S10K0, S9K1, S8K2, and S7K3, respectively. As the EFA method commonly simulates the soil erosion process in underwater conditions, the samples were deliberately targeted to achieve more or less 100 % degree of saturation. Therefore, each dry soil mixture in an airtight plastic bag was pre-wetted with de-ionized water at a pre-determined water content. Then, the soil-water mixture was compacted into a thin-wall tube by hand tamping, producing a 20 cm high soil column. After the compaction, specimens S10K0 and S7K3 were pre-consolidated with a vertical effective stress of 743 kPa for 7 days. Note that the degree of saturation of each specimen was affected by the final void ratio, so the S9K1 and S8K2 specimens were not fully water-saturated due to the lack of pre-consolidation. The conditions of the four soil specimens are described in Table 3 .
The prepared samples were placed in the EFA for erosion testing, and each sample was subjected to the water flow velocity step-wisely increasing from 0.14 to 1.72 m/s. After a steady state water flow was achieved, the sample was loaded up by 1 mm, thereby subjecting it to the shear force caused by a controlled flow velocity. During the erosion, the erosion time (t e ) was primarily measured by visual inspection. When the erosion of the 1 mm thick protrusion was completed, the water flow was kept for one more minute to collect P-wave signals during additional erosion, and the flow was then stopped. P-wave signals from all three channels were collected every 3-6 s over the entire course of this testing procedure.
Results and Analysis
DETERMINING ARRIVAL TIME OF REFLECTED P-WAVES Fig. 4(a) shows a typical signal acquired during EFA tests. From raw signals, it was difficult to determine precise arrival times of the reflected P-waves because of high noise levels. The signals inherently contain ambient low-frequency noises, while the reflected P-waves were at a much higher frequency regime. As can be seen in the frequency spectrum in Fig. 4(b) , the dominant energy of the reflected P-waves appeared at $ 1.5-4 MHz, which corresponds to the central frequency of the ultrasonic transducers (i.e., 2.5 MHz) used in our study. Therefore, a The water depths were estimated using the P-wave arrival times and the P-wave velocity of water at 20 C, which was assumed to be 1480 m/s. b The protrusion was estimated as (the estimated water depth without a block -the estimated water depth with the block). c
The relative error was defined as (the estimated protrusion -the actual protrusion)/(the actual protrusion) Â 100 %, where the actual protrusion was assumed to be identical to the acrylic block thickness. rectangular band-pass filter with a cutoff frequency at 1.5 and 4 MHz was applied to all acquired signals to increase the signal to noise ratio (S/N ratio). The arrival time of each P-wave was then hand-picked. As a result, time-lapse raw signals and corresponding filtered signals can be plotted, as shown in Fig. 5 , where the vertical axis represents the elapsed time from the start of the erosion test. Fig. 5(b) clearly shows that the P-wave arrival time became gradually delayed as the soil sample was eroded. For an example of the sample S7K3 at 0.53 m/s flow velocity, the P-wave arrival time of Channel 1 was delayed from 64.95 to 67.16 ls during the soil erosion that lasted for 183 s. Such a 2.21 ls delay corresponded to the soil erosion depth of $1.64 mm, following the procedure described in the next section. show the changes in the soil depth at three locations on a soil sample surface, estimated by the ultrasonic P-wave reflection monitoring, during the EFA tests for all tested soil samples. As the delay of a P-wave arrival time depicts the erosion process of a soil surface (see Fig. 5(b) ), a change in the soil depths (Dz) can be estimated from a change in the arrival times (Dt), assuming the P-wave velocity of water at 20 C to be 1480 m/s. The initial distance from the tips of the ultrasonic transducers to the soil surface ranged from 48 to 50 mm. Temporal errors in electronics often caused a loss in wave acquisition, and some P-wave signals were not adequate for interpretation due to the high noise levels caused by the presence of bubbles at the tips of the ultrasonic transducers. In such cases, the results are not shown here. For sample S7K3, the water flow velocity increased from 0.306 m/s to 1.72 m/s (see Fig. 6 ). At the slowest flow velocity of 0.306 m/s, the sample was fairly homogeneously and gradually removed, and $2 mm was eroded during 200 s, whereas at the fastest flow velocity of 1.72 m/s, the soil was eroded by more than 3 mm in 50 s. In particular, it is interesting to note that in the medium flow velocities of 0.8 and 1.27 m/s, a highly heterogeneous erosion process was observed, where the back-side, monitored by Channel 3, was eroded faster than the other areas (Channels 1 and 2).
ESTIMATION OF CHANGES IN THE SOIL DEPTH
For sample S8K2, the water flow velocity increased from 0.14 to 0.7 m/s (see Fig. 7 ). At the slowest flow velocity of 0.14 m/s, the erosion was not visibly identifiable due to its very slow erosion rate. However, as shown in Fig. 7(a) , a slow but gradual erosion process was successively detected by the P-wave monitoring method, where the depth of soil erosion during $150 s was $0.22 mm. On the other hand, at the fasted flow velocity of 0.7 m/s, it took only 6 s to erode the sample by 3.5 mm depth, such that the erosion time determined by visual inspection was extremely difficult and thus the time estimation unavoidably became subjective. While only two signals were acquired due to such short duration of the erosion (i.e., $6 s), the P-wave monitoring method at least provided a quantitative basis to calculate the change in the soil depth and the corresponding erosion rate. It was found that the erosion of sample S8K2 was much faster than that of sample S7K3 because of the absence of pre-consolidation stress and less mount of kaolinite in the soil sample. For sample S9K1, the water flow velocity increased from 0.26 to 0.6 m/s (see Fig. 8 ). At the flow velocities of 0.26, 0.36, and 0.4 m/s (Figs. 8(a), 8(b), and 8(c) ), the front of the sample was eroded first, followed by erosion of the back-side. In contrast, at the fastest flow velocity of 0.6 m/s, the back-side of the sample was eroded first, indicating a highly heterogeneous erosion process depending on the flow velocity.
For sample S10K0, the water flow velocity increased from 0.15 to 0.34 m/s (see Fig. 9 ). The sample was eroded by more than 1 mm within 1 min for all flow velocities, implying this fine sandy sample without clay content was the most vulnerable to erosion. Peculiarly, it was noted that the soil height often increased as captured by Channels 2 and 3 in Fig. 9(b) . This was because the eroded soil from the front was deposited at the back, resulting in the elevation of the soil height.
EROSION RATE (ż) VERSUS SHEAR STRESS (s) CURVE
The EFA method defines the erosion time as the duration taken to erode away a 1-mm-thick soil protrusion that is protruding from the bottom level toward water flow. The erosion rate is calculated by dividing the erosion depth (i.e., 1 mm here) by this erosion time. In our study, the erosion time for each channel (or each location) was determined by picking the time elapsed until the soil depth was decreased by 1 mm, as indicated by the arrows in Fig. 9 . Then, the erosion rate (ż) was calculated by dividing 1 mm by the averaged erosion times for all available channels. Finally, the erosion rate (ż) versus shear stress (s) curve, or erosion curve, was plotted, as shown in Fig. 10 .
The erosion times for all tested samples estimated by the P-wave monitoring method, as well as those estimated by visual inspection, are summarized in Table 4 . The erosion curves obtained by the P-wave monitoring method are superimposed with those obtained by the visual inspection in Fig. 10 . The error bars marked with the P-wave monitoring data denote the maximum and minimum values among three channels. Importantly, the P-wave monitoring results appeared to follow a trend similar to the visual inspection results. However, the conventional method using visual inspection slightly underestimated the erosion rate, compared to the P-wave monitoring method, notably for samples S7K3 and S9K1. Note that in the cases of samples S8K2, S9K1, and S10K0, there is no data point plotted for the fastest velocities because it was impossible to measure the erosion time from visual inspection. Fig. 11 shows the erosion curves for all tested soil samples. As we expected, sample S10K0 had the least erosion resistance while sample S7K3 presented the largest erosion resistance. Therefore, it can be concluded that the soil containing higher clay fractions experienced greater erosion resistance, which is consistent with the previous studies (Briaud 2008; Wan and Fell 2004) . 
FIG. 9
Changes in the soil depth for sample S10K0 sample at various water flow velocities: (a) 0.15, (b) 0.234, and (c) 0.34 m/s. The arrows denote the erosion times for the 1 mm erosion depth from each channel.
FIG. 10
Erosion curves obtained from the P-wave monitoring and visual inspection for the tested samples: (a) S7K3, (b) S8K2, (c) S9K1, and (d) S10K0.
Discussion
COMPARISON OF ULTRASONIC P-WAVE REFLECTION
MONITORING AND VISUAL INSPECTION
Aforementioned, the erosion curves from visual inspection were slightly lower than those from our P-wave monitoring method, in particular placed near the bottom ends of the error bars of the P-wave monitoring results (see Fig. 10 ). We presume that such underestimation of visual inspection can be attributed to many combined reasons, which includes limited control of the piston manipulation and soil protruding thickness and/or the experimenter's experience and judgment. For instance, manipulating the piston to push the soil sample exactly by 1 mm was very challenging due to the unevenly eroded soil surface (refer to Fig. 14(b) ). In our experiments, the lowest point on the sample surface became the reference level for a 1 mm protrusion; in turn, a protruding thickness greater than 1 mm was often exposed to water flow. This likely caused overestimation of the erosion time. However, our results revealed that the P-wave monitoring method could produce a quantitative and objective measure of the erosion time, regardless of the initial height or roughness of a soil sample.
EROSION BEHAVIOR OF COARSE-GRAINED SOILS AND
FINE-GRAINED SOILS
Natural soils present innate heterogeneous erosion behaviors. While the surfaces of most of the soil samples were unevenly eroded during the EFA test, the erosion behavior can be explored by examining the time-varying erosion rate of each sample. The time-varying erosion rate can be represented by the slopes of curves in Figs. 6-9 (i.e., Dz/Dt). Following this concept, Figs. 12 and 13 show the changes in the erosion rate with elapsed time for samples S7K3 and S10K0, respectively. For sample S7K3, the erosion rate mostly stayed at zero, but it spiked when sudden erosion occurred. On the other hand, the erosion rates of sample S10K0 were mostly greater than zero with some degree of variation. For all cases, the peak values and the frequency of the time-varying erosion rate increased with an increase in water flow velocity. It was concluded that the fine-grained soils were eroded by the removal of lumps of soils, exhibiting a discontinuous erosion behavior, while the coarsegrained soils showed a continuous erosion behavior. The discontinuous erosion behavior of fine-grained soils is probably due to the presence of apparent cohesion caused by electric forces between clay particles. We also confirmed the same phenomena by the visual inspection during the EFA tests.
ADVANTAGES AND LIMITATIONS OF IMPLEMENTING ULTRASONIC P-WAVE
REFLECTION MONITORING METHOD
Measuring the Erosion Resistance of Very Low-and High-Strength Soils
The erosion curve (ż-s curve) for very low-strength soils, such as fine sands, and very high-strength soils, such as cemented soils, can be efficiently attained using the ultrasonic P-wave reflection monitoring method. For instance, when sample S8K2 was subjected to a flow velocity of 0.14 m/s, it seemed there was no erosion occurring when visually inspected. However, very slow erosion was captured by the P-wave monitoring method, as noted in Table 4 . On the other hand, the erosion rate at high flow velocity was measurable by the P-wave monitoring method, while it was quite difficult to determine it based on the visual inspection (see the results of samples S8K2, S9K1, and S10K0 in Table 4 ).
Workability in Cloudy Water
Water in the EFA experiment is typically circulated by a pump, so it easily becomes cloudy when several samples with fine particles are tested, as shown in Fig. 14(a) . In this cloudy water with high turbidity, inspecting the soil surface and determining the erosion time with naked eyes are very difficult tasks. As P-wave propagation is hardly affected by the turbidity of water, the P-wave monitoring method is expected to be still effective even in cloudy water. Variation in P-wave velocity of water due to the soil particles suspended in turbid water is presumed to be insignificant. It is because the solid concentration of 5 % (i.e., the total suspended solid (TSS) of 500,000 mg/L) only changes the P-wave velocity by $0.67 %, assuming common clay minerals are the suspended solids (e.g., Mavko et al. 2003; Santamarina et al. 2001) .
Consideration of Heterogeneous Erosion on a Sample Surface
Owing to the innate heterogeneity of soils, spatially varying erosion rates, or spatial distribution of erosion rates, are frequently observed even at the scale of milli-to-centimeter (e.g., on a sample surface; see or Fig. 14(b) ). In consideration of such innate heterogeneous erosion, extracting a representative value for the erosion rate of a soil of interest is a challenging but critical task in geotechnical practices. In light of this, detailed quantitative assessment on the three-dimensional heterogeneous erosion behavior at a specimen-scale is required further, possibly by using non-destructive imaging techniques, including the suggested P-wave monitoring method, ultrasonic scanning, or laser scanning. In addition, note the EFA test results are extrapolated or upscaled for estimation of scour rate and depth at the field scale, such as at bridge foundations or peers. The role of the observed specimen-scale heterogeneous erosion in the field-scale erosion or scouring is presumed to require further investigation. 
FIG. 13
Temporal changes in the erosion rate for sample S10K0 at various water flow velocities: (a) 0.15, (b) 0.234, and (c) 0.34 m/s.
Conclusion
Our study investigated the feasibility of applying an ultrasonic P-wave reflection monitoring system to the erosion function apparatus (EFA). This P-wave monitoring system was developed to more quantitatively assess the erosion rate that otherwise has been measured by visual inspection, which causes considerable measurement errors and thus poses challenges. Four sandy soil samples containing different clay fractions were tested to evaluate erosion rates and validate the performance of the proposed P-wave monitoring system. At the same time, the erosion rates were monitored using ultrasonic transducers mounted at three different locations above the soil surface over the course of EFA tests. The arrival times of all the acquired Pwaves were hand-picked after removal of ambient noises by applying a rectangular band-pass filter, and thus the temporal changes in the depth of the soil at the three locations were calculated. The erosion rate (ż) of a soil sample at a given flow velocity was estimated by averaging the erosion times (t e ) at the three locations. Salient findings in implementing the P-wave monitoring method are as follows.
• From our preliminary test conducted to estimate the vertical depth resolution of the ultrasonic P-wave reflection monitoring system, it was found that our P-wave monitoring system could provide a fairly reliable determination of the soil depth with an acceptable relative error of less than 5 %. • The P-wave monitoring results followed a trend similar to the visual inspection results, yet this P-wave monitoring method provided better quantitative assessment in the erosion rate in very slow or rapid erosion condition, or in the conditions with high turbidity water. • In addition, it was found that visual inspection was likely to result in a slight underestimation of the erosion rate compared to the P-wave monitoring method because of the unevenly eroded surfaces of soils, the limited control on the soil protruding thickness, and the dependency on the experimenter's experience and judgment. However, our results revealed that the P-wave monitoring method facilitated quantitative and objective evaluation of the erosion rate regardless of the initial height or roughness of a soil sample. • The soils containing more clay fractions presented greater erosion resistance. From the examination of the timevarying erosion rate, it was observed that the fine-grained soils exhibited a discontinuous erosion behavior due to apparent cohesion, while the coarse-grained soils showed a continuous erosion behavior. • In most cases, soils inherently showed heterogeneous erosion behaviors even at the scale of milli-to-centimeter. In consideration of such innate heterogeneous erosion, extracting a representative value for the erosion rate of a soil of interest is a challenging but critical task in geotechnical practices. In light of this, detailed quantitative assessment of three-dimensional heterogeneous erosion behavior at a specimen-scale is required further, possibly by using non-destructive imaging techniques.
